Al~tract, Glasses show very interesting behaviour well below the glass transition teml~ra-ture. Inspire of various experimental observations, even simple quantitative explanations relating these relaxation phenomena to structural properties are absent. In this paper we have tried to point out a phenomenological approach to this problem by identifying certain parameters which we think can be used to characterize these relaxations.
Introduction
Below the glass transition temperature glasses show very interesting behaviour. These have been studied by various experimental methods. However, till today a microscopic understanding of these low temperature properties has not been obtained. A reason for this may be the lack of any attempt for a structure-property correlation. It is true that most of these properties of glasses are universal and arise from its disorder structure. Nevertheless, the details for each material will be different. This is because most of this low temperature behaviour arises from low energy structural rearrangements occurring most probably in the scale of nearest or next nearest neighbour. Thus the details of these structural rearrangement should be strongly dominated by short range structural order. In this paper we identify what we think are the outstanding problems in glasses below Tg. Due to size limitations our discussions are not going to be extensive, where appropriate we will refer to existing references.
The problem of relaxation
Most of the observed properties in glasses below T~ have their origins in relaxation of some type. So the crucial issue here is the existence of particle motion in a localized scale and over a time scale which has a wide distribution. This particle motion is in addition to the already existing lattice vibrations which occur at a relatively faster rate. A good review of particle motion in glasses has been given by Rao and Parthasarathy (1985) .
To show that relaxations in glasses never stop even at temperatures much lower than 1 K we refer to figure 1. This figure shows internal friction (Q-1) in vitreous silica in a temperature range 0.01 K to 1000 K. At very high temperature, the rise in internal friction is due to glass transition (henceforth called or-relaxation) which is marked by large scale structural change. At low temperature the peak in Q-* is generally called fl relaxation. Below this peak Q-~ remains ftat for a while and then decreases only at temperatures below 0.1 K. This behaviour is related to the existence of very low frequency excitations which we will refer to as two level system (TLS) relaxation (the meaning of which will become apparent shortly). ~,/~ and TtS relaxations signify three different types of relaxation mechanisms. While ~ relaxation involves structural changes (unlocking of liquid-like defects as T increases through Tg) involving higher energy, fl relaxation involves localized structural changes. But both of them are classical thermally activated crossing of barriers although not of the pure Arrhenius type. TLS relaxation also involves localized structural changes, probably of the same type as in /~ relaxation but the mechanism of relaxation is quantum mechanical in origin. These relaxation mechanisms may themselves be interrelated. But nothing can be said at this moment of what the interrelation is. The key problem in the physics of glass is relaxation and the key question is what is relaxing. The problem, as pointed out earlier, is one of structure property correlation. What we mean by structure-property correlation may be qualified as follows. First, it is necessary to identify the parameters which may be said to represent a quantitative measure of the relaxation process. Second, these parameters should be linked with some bulk properties of the glassy system. These bulk properties now need be linked to actual structures through a structural model. It is from this model, we hope, that a microscopic understanding of these relaxation mechanisms will emerge. The task now is two-fold. First, it is necessary to identify on a semi-empirical basis the correlation of relaxation with structural parameters and second, to actually invent simple models which will explain the main aspects of these semi-empirical correlations. Unfortunately, such an approach is absent in this problem.
In the following, we will discuss briefly some important features of/~ and TLS relaxations and will try to point out what are the important relaxational parameters.
~-relaxation
The phenomenon of fl relaxation is studied mainly by mechanical experiments (Hunklinger and Arnold 1976) or dielectric experiments (Johari 1976) . In mechanical experiments ultrasonic frequencies were generally used earlier. But measurements in insulating glasses at audio frequencies have also been done in the past. Recently fl relaxation in metallic glasses has also been studied extensively by using audiofrequency techniques (Barmatz and Chen 1974; ).
In figure 2 we show ultrasonic attenuation in a number of glasses at low temperatures at a frequency of 20 MHz. In table 1, we list these materials, their glass transition temperatures (Tg) and the temperature Tm where the maximum occurs. It can be seen that T=/Tg shows extremely wide variation from 0-03 (for SiO2) to 0-27 (for GeS2). Of these the case of polymethyl methyl acrylate (PMMA) and polyethyl methyl acrylate (PEMA) is particularly interesting. Substitution of a methyl group by the heavier ethyl group shifts T,,,/Tg by a factor of 5. This shift is due most probably to the increase in activation energy of relaxation.
In ultrasonic or mechanical experiments it is difficult to obtain data over a large frequency range. Generally, the frequency here is kept fixed and the temperature is varied. In case of dielectric relaxation, however, it is easier to obtain data in the frequency domain. Studies of relaxation by the dielectric method in a number of glass forming systems have been made (Johari 1976) . From all these studies it is obvious that the fl relaxation peak has a large width. The first attempt to fit the experimental ultrasonic data was made by Hunklinger. He used a distribution of barrier heights P (/I) given as (Hunklinger and Arnold 1976) e
where Po = ~o P (/I") d V, 2 V o = width at half maximum and V,. is the centre. A similar expression has also been used (Bcrrct et a11985) to fit ultrasonic data on another glass (La SF7). However, the physical origins of these parameters arc not clear. Recently
Birge et al (1984) used an expression of the type given below to explain/~ relaxation in (2) can fit most of the data (Rajeev and Raychaudhuri 1986) . We arc now trying to correlate these fit pararncters with physical quantities as a first step to make a model for/~-relaxation.
It.s-relaxation
In 1971 it was observed that thermal properties of glasses are substantially different from their crystalline counter parts (Zeller and Pohl 1971) . Below 1 K, the specific heat varies almost linearly with T whereas in crystals it show a Debye T 3 law (see figure 3) . The thermal conductivity also shows a quadratic temperature dependence (see figure 4 ). This behaviour is now found to be universal to all glasses. We refer to two review articles for a detailed discussion (Phillips 1981; Hunklinger and Raychaudhuri 1986) . It is now generally believed that this excess specific heat and low thermal conductivity Thermal conductivities of vitreous silica and crystalline quartz (Zeller and Pohl of glass is caused by excess excitations which are like two level systems (TLS). The TLS is believed to arise from tunnelling (quantum mechanical) of atoms or molecules (Anderson et a11972; Phillips 1972 ). However, not much is known about the tunnelling units in actual glasses. The low temperature acoustic and dielectric behaviour of glasses are mainly controlled by relaxation of these TLS. The TLS can also resonantly interact with lattice vibration (phonons) giving rise to the quadratic thermal conductivity. The references mentioned above discuss in detail all these aspects. In this paper we will point out what we think are the important parameters in TLS relaxation and the recent attempts to correlate them to bulk material properties. In the tunnelling model the two most important parameters are P the density of states of TLS and the deformation potentials for Tt.s--lattice interaction. At present these two have to be obtained from experiments (Hunklinger and Raychaudhuri 1985) . The task is now first to obtain at least empirical correlation of ]5 and y with other properties like glass transition temperature (T~), sound velocity etc. From this correlation a model of tunnelling units can then be made.
The first attempt in that direction has already started. The earliest correlation to be observed was between I (the phonon mean free path, which contains both P and y) and Tg (Reynolds 1979) . Later a correlation was found between ]~0 and Tg Pohl 1981, 1982; Doussineau et al 1983) . Recent studies (MacDonald et al 1985) support the correlation of I and Tg. Recently these measurements have been extended to glass forming systems with lower T o (Reicbert et al 1985) and in 21 glasses it has been found that a relation of the following type holds.
where Po = 5-5 x 10~*/J 9 m 3 and A/k = 630 K. The glasses for which the above relation holds have Tg lying between 135 K and 1500 K. It can be seen that for glasses with k~ ~ A, P oc T~ 1. Equation (3) is indeed a remarkable one. And in our opinion will be the starting point for many a theory and model in future.
The correlation of ~ with other properties are not yet very successful. But it seems that in samples with low T s, ~ oc Tg.
Much work is required in this field before a proper structure property correlation can be attempted.
Conclusion
The above discussion is intended to highlight the problems of low energy relaxation in glasses. As it can be seen there is scope for much work in this field. In our opinion to gain an understanding the attempt should be directed towards a structure propertycorrelation. In this paper we have shown that the first stage of identifying the relevant relaxation parameters and establishing an empirical correlation with other bulk properties is already on its way. In the next stage, even a simple model to explain these properties in a particular glass will be a great step forward.
